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A s u i t e  o f  s 
1 
ABSTRACT 
i c i c  vo lcan,c  rocks i s  associatec, w i t , ,  t h e  Roosevel t  Hot 
Spr ings geothermal area i n  southwestern Utah. The vo l can ic  sequence 
inc ludes  T e r t i a r y  r h y o l i t e  8 m.y. o l d  and obs id ian,  ash and r h y o l i t e  
o f  Quaternary age. 
The Quaternary lavas  are charac ter ized  by h iqh  s i l i c a  conten t  (76.5% 
Si021 and t o t a l  a l k a l i e s  i n  excess o f  9 percent.  Obsidians commonly 
con ta in  g rea ter  amounts o f  f l u o r i n e  than water. Two o l d e r  f lows (0.8 
m.y, 1 can be d i s t i ngu ished  f rom younger dome and p y r o c l a s t i c  ma te r ia l  
(approx imate ly  0.5 m.y. ) by s u b t l e  d i f f e rences  i n  t h e i r  chemistry.  
The mineralogy of t he  r h y o l i t e s  cons is t s  o f  a l k a l i  f e ldspar ,  
p lag ioc lase  , and small amounts o f  Fe-Ti o x i  des , b i o t i t e ,  hornblende 
and r a r e  a l l a n i t e .  Fe-Ti ox ide  temperatures are 740-785OC f o r  t he  
f lows and 635-665% for the  domes; two fe ldspar  temperatures g i ve  
s i m i l a r  r e s u l t s .  
The phase re1 a t i o n s h i  ps o f  bu l k  rock,  g l  ass and f e l  dspar composi t ions 
demonstrate t h a t  t he  younger Quaternary r h y o l i t e s  cou ld  have been 
de r i ved  from the  e a r l i e r  magma type, represented by t h e  obs id ian  
f lows,  by a process o f  c r y s t a l  f r a c t i o n a t i o n .  The major phases which 
must f r a c t i o n a t e  are  a1 k a l  i fe ldspar ,  p lag ioc lase  and quar tz  w f  t h  
minor amounts o f  b i o t i t e ,  magnet i te and i l m e n i t e  p a r t i c i p a t i n g  also. 







lavas cannot be related t o  the Quaternary rhyol i tes  and  a r e  thought t o  
represent a separate event. 
3 
Introduction . - - - ~  
ii 
Young s i l i c i c  volcanics have been considered t o  be indicators  of the 
presence of shallow magma chambers w i t h  su f f i c i en t  heat remaining t o  
serve as possible geothermal resource centers.  I n  the Mineral 
Mountains o f  western U t a h  obsidian flows and rhyol i te  domes ranging i n  
age from 0.8 t o  0.5 m.y. occur discontinuously for  about 15 km. a l o n g  
the range c re s t .  Previous s tudies  o f  this area (Earl1 1957; Liese, 
1957) interpreted a l l  rhyol i tes  as the remnants of a large s i l i c i c  
volcano of Pliocene age. 
(1978)  demonstrates tha t  many separate l a v a  flows, ashes and domes 
were erupted a long  the range c re s t .  Along one of the western range 
Evidence presented here and  i n  Lipman e t  a l .  
f ront  f a u l t s ,  about 2 km northwest of the nearest rhyol i t ic  volcanics, 
Roosevel t Hot Springs i s 1 ocated within the Known Geothermal Resource 
Area ( K . G . R . A . ) ,  which has been proven t o  be a commercial area. The 
si 1 i ci  c vol cani sm recorded by the rhyol i t e s  of the Mi neral Mountains 
perhaps provides the heat source for  the K.G.R.A. (Lipman e t  a l . ,  
1978; Evans and Nash, 1975). 
General Geology ----- 
9 
A 
The Mineral Mountains, located i n  west-central Utah ( F i g .  11, near the 
eastern margin of the Basin and Range province, r i s e  about 1 km above 
Escalante Valley to  the west and an unnamed valley t o  the east .  The 
range i s  nearly 50 km long and averges 10 km in  w i d t h .  
The northern end of the range consis ts  of a domal sedimentary sequence 






Fig. 1 .  Generalized geologic map of the central  Mineral Mountains, Utah .  
The sample l o c a l i t i e s  are as described i n  Table 1. Hachured 
areas a re  Quaternary rhyol i te  domes, dark shaded areas a re  
Quaternary ashes, l i gh t  shaded areas a r e  Quaternary rhyol i te  
f lows.  Qal -a1 luvium, Qcal-cemented a1 luvium, Qos-opal and 
opaline s i n t e r ,  Qb-basalt ic cinder and flows, Trc-rhyolite domes 
in Corral Canyon, Tg-grant t i c  basement, P-Permian sediments, 
pf2-Pre-Cambrian basement. 
C-Corral Canyon, D-Ranch Canyon, E-Bearskin Mountain, F-Li t t le  
Bearskin Mountain,  G-North Twin Flat  Mountain, H-South Twin Fla t  
Mountain. 
published by the University of Utah (Evans, 1977).  
A-Bailey Ridge, B-Wild Horse Canyon, 
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the range cons is t s  o f  numerous outcrops o f  rock,  probably  Precambrian 
i n  age, r e f e r r e d  t o  as the  Wildhorse Canyon Ser ies  by Condie (1960). 
The southern end o f  the range i s  a r o t a t e d  f a u l t  b lock con ta in ing  
Paleozoic and Mesozoic sediments o v e r l a i n  by T e r t i a r y  in te rmed ia te  and 
bas ic  vo lcanics.  I n t r u d i n g  these rocks i s  t he  Minera l  Mountains 
p l u t o n  near l y  250 km2 i n  ex ten t .  
composi t ion and conta ins many pegmati te and a p l i t e  d ikes as w e l l  as 
maf ic  d ikes o f  l i m i t e d  dimensions. Two potassium-argon ages of 15 and 
9 m.y. (Park, 1968; Armstrong, 1970), i n d i c a t e  t h a t  the  p l u t o n  may be 
r e l a t i v e l y  young w i t h  respec t  t o  the  m a j o r i t y  o f  Basin and Range 
i n t r u s i v e  rocks. 
l o s s  occurred du r ing  a vo l can ic  episode i n  the  area approximately 8 
my. ago. 
Th is  p l u t o n  i s  g r a n i t i c  i n  
However, t he  possi  b i  1 i t y  e x i  s t s  t h a t  p a r t i  a1 argon 
Rb-Sr systemat ics suggest t h a t  the  maximum age of the  
p l u t o n  i s  35 m.y. (Lipman e t  a l . ,  1978). 
P r i o r  t o  e r u p t i o n  o f  r h y o l i t i c  vo lcan ics  o f  t h e  Minera l  Mountains t h e  
p l u t o n  and i t s  ad jacent  country  rocks were deeply eroded forming a 
rugged topography much l i k e  t h a t  o f  t he  present.  Nor th s t r i k i n g  
bounding f a u l t s  mark the  western and eas tern  margins o f  t h e  Minera l  
Mountains. I n  the  c e n t r a l  p o r t i o n  o f  t h e  Range the  t r a c e  o f  a major 
f a u l t  on t h e  west i s  marked by elongated mounds o f  s i l i c e o u s  s i n t e r ,  
opal , and o the r  hydrothermal ly  a1 t e r e d  and cemented a1 1 uvium. The 
abandoned Roosevel t Hot Spr ings r e s o r t ,  where water  temperatures o f  
9OOC were recorded (Mundorff, 19701, i s  l o c a t e d  on t h i s  major  f a u l t .  
The chemical composi t ion o f  water f rom a nearby seep y i e l d s  a w a l l  
rock equi 1 i b r a t i o n  temperature of 240°C us ing  the  Na-K-Ca thermometer 
7 
o f  Fourn ie r  and Truesdel l  (1973). I n  t h i s  same area s o i l  temperatures 
d 




The reg ion  i s  c u r r e n t l y  be ing developed f o r  power product ion.  
Exp lo ra t i on  d r i l l  ho les and t e s t  w e l l s  have produced f l u i d s  w i t h  
temperatures up t o  approximately 260OC a t  depths ranging from 300 t o  
1800 m. 
Volcanic Rocks 
I n  the Minera l  Mountains th ree  d i s t i n c t  Quaternary vo lcan ic  rock types 
occur. 
fo l lowed by younger r h y o l i t e  domes. 
occurrence and vo lcan ic  fea tures  i s  g iven by Lipman e t  a l .  (19781, and 
on ly  a b r i e f  d iscuss ion  i s  o f f e r e d  here. 
O ldes t  a re  obs id ian  f lows w i t h  in te rmed ia te  aged ashes 
A complete d e s c r i p t i o n  o f  t h e  
The obs id ian  f l ows  a re  unique i n  t h e i r  apparent f l u i d i t y .  
occu r r i ng  a long B a i l e y  Ridge and Wi ld  Horse Canyon (F ig.  11, have 
lengths  o f  approximately 3 km and a re  about 80 m t h i c k .  An impression 
i s  g iven o f  unusual f l u i d i t y  du r ing  e r u p t i o n  as f l o w  banding i s  q u i t e  
laminar  except a t  t he  f l o w  margins. Such cha rac te r  i m p l i e s  lower  
v i s c o s i t i e s  than many s i l i c i c  l ava  flows. 
B a i l e y  Ridge f l o w  i n d i c a t e s  an age o f  0.77 - 0.08 m.y. (Lipman e t  al., 
1978). Paleomagnetic, chemical and morphological  s i m i l a r i t i e s  between 
t h e  B a i l e y  Ridge f l o w  and t h e  Wi ld  Horse Canyon f l o w  suggest a s i m i l a r  
age. Occasional x e n o l i t h s  o f  v e s i c u l a r  b a s a l t  a re  found i n  pumice 
from these f lows.  
The f lows, 








Pyroc l  a s t i c  rocks occupy an in te rmed ia te  posi  ti on i n  the  s t r a t i  graphic  
sequence o f  vo l can ics  i n  the  Minera l  Mountains. These py roc l  a s t i c s  
Ranch Canyon w i th  o the r  exposures 
r i d g e  between Ranch and Wi ld  Horse 
t y p i c a l l y  l i g h t  co lored,  wh i te  t o  
are o f  a s h - f a l l  and ash-f low o r i g i n .  The main area o f  exposure i s  i n  
n W i l d  Horse Canyon and on the  
Canyons. These ash beds are  
i g h t  t an  and poor l y  c o n s o l i -  
dated. The lowermost beds are t y p i c a l l y  a s h - f a l l  w i t h  steep d ips  
r e s u l t i n g  from draping over under l y ing  topography. Upper beds are  
c h a r a c t e r i s t i c a l l y  ash-flow w i t h  coarse s o r t i n g  and are  very l o c a l  i n  
extent .  Much o f  t he  p y r o c l a s t i c  sequence has been removed by eros ion  
which h inders  i d e n t i f i c a t i o n  o f  the  source vents. 
K - A r  d a t i n g  on a s i n g l e  obs id ian  c l a s t  from an ash-f low u n i t  i n  Ranch 
Canyon y i e l d e d  an age o f  0.68 - 0.04 m.y. p r o v i d i n g  an o l d e r  l i m i t  f o r  t 
o f  the  p y r o c l a s t i c s  (Lipman e t  a l .  , 1978). The p y r o c l a s t i c s  the  age 
as w e l l  
i ndi  c a t  
The t h i  r d  vo lcan ic  occurrence 
d i s t r i b u t e d  sporadica l  l y  over 
range. The degree o f  d i s s e c t  
as ash i n  Wi ld  Horse Canyon are  o f  normal magnetic p o l a r i t y  
ng depos i t i on  du r ing  the  Brunhes p o l a r i t y  epoch - 
i s  t h a t  o f  a t  l e a s t  11 domal r h y o l i t e s  
10 km a long o r  near the  c r e s t  o f  t h e  
on o f  t he  domes v a r i e s  w i t h  a basal  
v i t r o p h y r e  exposed i n  some o f  t h e  domes and very l i t t l e  d i s s e c t i o n  
seen on o the r  domes, such as Bearskin Mountain. Where t h e  i n t e r i o r  o f  
t he  domes a re  exposed a basal v i t r o p h y r e  can be seen o v e r l y i n g  
g r a n i t i c  basement. 
i n t o  a thoroughly  d e v i t r i f i e d  area. The upper p o r t i o n  o f  t h e  domes 
cons is t s  o f  a f r o t h y  r h y o l i t e  which makes up the  b locky  carapace. 





Th is  r h y o l i t e  conta ins  l e s s  phenocrysts than the  v i t rophy re .  Due t o  
the  1 ack o f  d i s s e c t i o n  o f  some o f  the  domes, i t  i s  d i f f i c u l t  t o  s o r t  
ou t  r e l a t i v e  ages. 
appears t h a t  the  o l d e s t  domes a re  Nor th and South Twin F l a t  Mountains 
Based s o l e l y  on the  degree o f  d i s s e c t i o n  i t  
and the  youngest domes are Bearsk in  and L i t t l e  Bearsk in  Mountains. 
Stubby f lows o f  r h y o l i t e  a re  a l s o  present  extending ou t  from the  base 
o f  Bearskin Mountain. I s o l a t e d  patches o f  r h y o l i t e  occur, 
p a r t i c u l a r l y  i n  Ranch Canyon and upper Wi ld  Horse Canyon. These 
appear t o  be smal l ,  h i g h l y  eroded remnants o f  domes. Age 
determi n a t i  ons on obsi  d i  an f rom Bearski  n Mountai n and sani d i  ne from 
L i t t l e  Bearsk in  Mountain have y i e l d e d  K - A r  ages o f  0.58 0.12 m.y. 
and 0.53 - 0.05 m.y., respec t i ve l y  (Lipman e t  a l . ,  1978) + 
R h y o l i t e  a l s o  occurs i n  lower Cor ra l  Canyon t o  the  west o f  t he  range 
(F ig .  1) .  Th i s  r h y o l i t e  i s  more h i g h l y  d issec ted  than the  domal 
ma te r ia l  h igher  i n  the  range and i s  pet rographica 
Extens ive f i e l d  work i n d i c a t e s  t h a t  t h i s  area may 
much o l d e r  dome o r  domes. There are two separate 
bo th  under la in  by a basal v i t rophyre .  It appears 
l y  d i s t i n c t  as we l l .  
be a. remnant o f  a 
rhyo l  i t e  outcrops, 
t h a t  recen t  e ros ion  
i s  exhuming the  r h y o l i t e  from o l d e r  g rave ls  t h a t  a re  exposed between 
the  two r h y o l i t e  patches. A K - A r  date o f  7.90 - 0.3 m.y. on b i o t i t e  + 
f rom the  basal v i t r o p h y r e  conf i rms the  o l d e r  age f o r  t h i s  r h y o l i t e .  
Small outcrops o f  b a s a l t  a re  p resent  on t h e  eas tern  margin o f  t he  
Minera l  Mountains and an extens ive f i e l d  o f  b a s a l t  i s  l o c a t e d  j u s t  
eas t  of t h e  Minera l  Mountains i n  t h e  Cove F o r t  area. This b a s a l t i c  
volcanism apparent ly  over1 aps w i t h  the  rhyo l  i t i c  vo l  cani  sm o f  t he  
B 10 
a Mineral Mountains as the basal t ic  volcanism i s  believed t o  have begun 
about lo6 years ago and continued sporadically u n t i l  perhaps a few 
thousand years ago (Condie and Barsky, 1972). 
P 
Pe t r og r a p,hy 
D 
Y 
The s i l i c i c  volcanics of the Mineral Mountains can be conveniently 
divided i n t o  four petrographic types. 
the older flows, devi t r i f ied  rhyol i te  of Big Cedar Cove and Corral 
These a re  banded obsidians of 
Canyon, ash-fa1 1 s and ash-flows of Ranch Canyon and glomeroporphyri t i c  
v i  trophyres and rhyol i tes  of younger domes. 
are given i n Table 1. 
Modes of these rock types 
The flows of Bailey Ridge and Wild Horse Canyon consis t  of flow banded 
obsidian near the top and base of the flow w i t h  the centers of the 
flows essent ia l ly  completely devi t r i f ied  w i t h  lithophysoidal cav i t i e s  
occasionally f i l l e d  w i t h  secondary s i l i c a .  The tops of the flows are  
mantled by pumice. I n  t h i n  section the obsidian i s  seen t o  be f ine ly  
banded w i t h  para1 le1 a1 i gnment of micro1 i tes and micro- phenocrysts. 
Euhedral sani d i  ne and anorthocl ase occur as micro- phenocrysts 0.02 t o  
0.03 mm i n  length along w i t h  euhedral b i o t i t e  f lakes  0.02 t o  0.05 mm 
i n  diameter. Quartz i s  conspicuously absent from the obsidian flows. 
The mineralogy of the pumiceous mantle i s  s imilar  t o  the fresh 
obsidian of the in t e r io r s  of the flows (Table 1). 
In B i g  Cedar Cove and Corral Canyon deeply eroded domes of completely 
devi t r i f ied  rhyol i te  occur. These exposures probably represent the 
i nter i  or  portions of ol der domes w i t h  thei  r carapaces completely 
.s z sr V 
TABLE 1 
Modal Analysis of Mineral  Llountains Igneous Rocks kvolume. percent ) .  
Devi t r i  - 
f i e d  Void Ground- Plagio- Ortho 
Rock Quartz Sanidine Orthoclase clase B i o t i t e  Amphibole Pyroxene Glass Glass Space mass Other Opaques 
96.9 0.7 - 74-3A - 2.3 0.1 
74-4 - 4.0 0.1 1.0 84.9 10.1 - 
1.5 91.5 - 74-7 3.1 2.8 0.9 0.1 
88.8 6.3 - 74-8 - 3.6 0.4 
n.1 
0.9 
74-16 - 2.3 0.2 - 97.3 0.3 - 
74-19 1.5 0.6 0.2 0.2 92.4 0.2 4.7 - 0.1 
74-29 25.9 66.4 6.3 0.7 0.1 0.6 
75-14 2.8 4.7 0.6 0.1 89.5 2.1 - 0.3 
75-19 3.9 0.8 1.6 1.1 2.2 86.0 4.3 - 0.1 
75-20 1.7 1.2 0.5 - 96.6 - 0.1 - 
75-22 3.8 1.7 0.8 0.5 0.1 
75-30 0.4 0.2 8.2 1.6 1.4 0.1 86.0 - 1.1 - 0.5 0.5 
0.5 0.3 92.3 - 
- 
Key t o  Sample L o c a l i t i e s  
Rock Ty& 
74-3A B a i l e y  Ridge Flow Obsidian 74-29 Pass Road Min. Mtns. 
Obsidian Gran i te  
74-4 B a i l e y  Ridge Flow Pumice 75-1.4 L i t t l e  Bearskin Mtn. 
74-7 B i g  Cedar Cove Dome R h y o l i t e  75-19 No. T w i n  F l a t  Mtn. Rhyol i t e  
Sample 8 Sample L o c a l i t i e s  Rock Type_ Sample ; Samole L o c a l i t i t e s  
74-8 Wi ld  Horse Canyon Flow Obsidian 
74-16 Bearskin Mtn. Obsidian 
75-20 Yo. Twin F l a t  f t tn.  Obs 1 d i  an 
75-22 Cor ra l  Canyon Dome Rhyol i t e  
74-19 Pumice Hole Mine Pumice 75-30 Cor ra l  Canyon Oome V i  t rophyre  - - ___ _____.__ - -_ - . 
3 
12 




anor thoc lase 0.15 t o  0.40 mm across, quar tz  which i s  rounded and 
f rac tu red  0.2 nnn i n  diameter, subhedral o l i g o c l a s e  0.08 t o  0.30 mm 
1 ong, and b i o t i t e  sca t te red  throughout the  groundmass. The groundmass 
i s  completely d e v i t r i f i e d  and crude f l o w  bands can be seen i n  t h i n  
sec t i on  as s t reaks o f  d i sco lo red  d i v i t r i f i c a t i o n .  I n  the  r h y o l i t e  o f  
Corra l  Canyon, euhedral hornblende 0.10 mm long  i s  a l s o  found, a long 
w i t h  r a r e  euhedral a l l a n i t e .  I n  t h e  Cor ra l  Canyon l o c a l i t y  i s o l a t e d  
remnants o f  what appear t o  be a basal v i t r o p h y r e  occur. 
v i  t rophyre  i s r i c h e r  i n  c r y s t a l s  than o the r  , younger , v i  t rophyres 
This  
(Tab1 e 1). 
phases such as b i o t i t e  and amphibole which a re  euhedral and show no 
evidence o f  d i s e q u i l i b r i u m  due t o  pressure l o s s  upon erup t ion .  
Thi s v i  t rophyre  conta ins  euhedral phenocrysts o f  hydrous 
Rare 
euhedral phenocrysts o f  hypersthene 0.1 mm l ong  occur i n  t h e  
v i t r o p h y r e  as w e l l  
The ash f lows and ash f a l T s  a re  unconsol idated and show no evidence o f  
welding. The bulk o f  t h e  ashes a re  composed of a g rada t ion  o f  s i z e s  
from ash up t o  2 t o  3 cm s i z e  pumice l a p i l l i  , and l i t h i c  fragments o f  
obs id ian  and g r a n i t e  basement up t o  50 cm across. Thin sec t ions  o f  
pumice l a p i l l i  show g lass shards i n  sub-para l le l  a l ignment wi th  no 
e v i  dence o f  c o l l  apse w i  t h i  n the  1 ap i  11 1 . 
o f  san id ine  0.05 t o  0.1 nm long are found a long wi th  quar tz  fragments 
showing a suggest ion o f  hexagonal o u t l i n e s  rang ing  around 0.15 mm 
across, subhedral o l i g o c l a s e  0.08 t o  0.15 mm long  and oxides l e s s  than 
0.01 mm are  dusted through t h e  glass; r a r e  euhedral hornblende i s  








The fourth type of rhyol i te  i n  the Mineral Mountains makes up the 
youngest domes. In t h i n  sect ion the basal vitrophyre has a 
glomeroporphyri t i c  texture  w i t h  c l a s t s  of fe ldspar  phenocrysts 
sca t te red  through a glassy groundmass. T h e  phenocryst su i te  includes 
subhedral ol igoclase 0.1 to  0.15 mm long, subhedral t o  anhedral 
sani d i  ne and anorthocl ase 0.2 mm 1 ong; occasional l y  01 i gocl ase  s 
mantled by sani di  ne. 
quartz 0.15 mm across and subhedral  b i o t i t e  0.05 mm across. The 
Other phases i ncl ude euhedral and fractured 
mineralogy o f  the pumiceous capping i s  ident ical  t o  the underlying 
basal vitrophyre. T h i n  sect ions of the capping do show remnant flow 
banding and more advanced devi t r i f ica t ion  than the basal v i  trophyre, 
however. 
Mi neral ogy 
D 
Mineral analyses presented i n  th is  paper were done OR an ARL-EMX 
electron microprobe us ing  natural mineral s tandards  and  rare e a r t h  
element glasses.  
background when standards were s imi la r  i n  composition t o  unknowns; 
Bence-Albee correction procedures were used where standards and 
samples d i f fe red  appreciably i n  composition. 
Correction procedures generally inc luded  only 
Feldspar. Both a lka l i  feldspar and plagioclase a r e  present i n  
volcanic rocks o f  the Mineral Mountains. Microl i tes  of fe ldspar  a r e  
abundant, par t icu lar ly  i n  flow banded obsidians b u t  a r e  too small for  





both a1 kal i fel dspar and plagioclase. 
b u t  an attempt was made t o  discern zoning  along the length of l a rge r  
These c rys t a l s  a re  ra ther  small 
c rys t a l s  w i t h  negative resu l t s .  Figure 2 presents analyt ical  data on 
f e l  dspars wi t h  points representi  ng i ndi v i  dual c rys ta l  s. 
seen t h a t  plagioclase compositions are r e s t r i c t ed  t o  a range o f  
approximately 10 weight  percent except i n  the older rocks of Corral 
Canyon. 
I t  can be 
On the other hand,  a lka l i  feldspar has a wide range o f  
composition varying from 20 t o  80 weight percent Or. T h i s  wide range 
of composition apparently r e f l e c t s  a rapid adjustment of a1 kal i 
fe ldspar  composition t o  ra ther  small changes i n  l iqu id  composition. 
The rocks of Corral Canyon display marked differences from the younger 
volcanics. A s  can be seen i n  F i g .  2 the groundmass plagioclase shows 
a much wider compositional range b u t  does not reach a s  sodic a 
composition a s  i n  the younger volcanics, and a lka l i  fe ldspar  i s  more 
restricted i n  composition. 
Phenocrysts of fe ldspar  are not abundant i n  the volcanic rocks of the 
Mineral Mountains; however, i n the younger domal materi a1 phenocrysts 
o f  a lka l i  feldspar are  present, and range from 40 to  60 percent Or. 
Zoning  i n  individual a lka l i  feldspar phenocrysts i s  var iable  from an 
extreme of 15% Or t o  normally around 3-4% from core t o  rim. In the 
older domal volcanics o f  Corral Canyon phenocrysts of both a lka l i  and 
plagioclase feldspar  are  present. Zoning i s  present i n  both and 
frequently spans a 15-20% range i n  variation. Plagioclase i s  zoned 
from sodic labradori te  t o  ol igoclase and a lka l i  fe ldspar  from cores 





Fig.  2. Microprobe analyses o f  fe ldspars from Mineral Mountains r h y o l i t e s  
i n  terms o f  weight percent a n o r t h t t e  (An), a l b i t e  (Ab) and 
orthoclase (Or). 
compositions, open c i r c l e s  a r e  groundmass analyses. 















Biot i te .  B io t i t e  i s  a common accessory mineral i n  a l l  the lavas of 
the Mineral Mountains. Microprobe analyses o f  selected samples a re  
presented i n  Table 2. 
contain substantial  f luorine.  The b i o t i t e s  a re  ra ther  low i n  
aluminum, requiring a varying amount o f  titanium t o  f i l l  the 
tetrahedral s i t e  i n  the s t ructural  formulas. Bio t i te  from Corral 
Canyon i s  d i s t i n c t  w i t h  lower Si02 and substant ia l ly  higher BaO. 
Sample 75-30 from Corral Canyon i s  low i n  f luorine compared t o  other 
b i o t i t e s ;  this sample i s  from a basal vitrophyre, and i t  i s  possible 
These b i o t i t e s  a re  h i g h  i n  titanium, and most 
t h a t  substantial  water-fluorine exchange has taken place. 
Amphibole and Pyroxene. In the basal vitrophyre of Corral Canyon 
euhedral c r y s t a l s  o f  hornblende and orthopyroxene a r e  imbedded i n  a 
glassy groundmass. A single crystal  of hornblende was seen i n  a t h i n  
section of ash from Ranch Canyon. Analyses of hornblende and pyroxene 
a re  presented i n  Table 3. The hornblende, l i k e  the b i o t i t e  from this 
l o c a l i t y ,  i s  low i n  aluminum and h i g h  i n  titanium requ.iring t i t an ium 
to enter t h e  tetrahedral s i t e .  I t  has  been noted t h a t  this  condition 
i s  common i n  calc-alkaline rocks containing both b i o t i t e  and 
hornblende by Jakes and White (1972) and Wender and Nash (1978). 
orthopyroxene on the other hand has s u f f i c i e n t  aluminum t o  f i l l  the 
The 
tetrahedral s i te  and f a l l s  i n  the hypersthene range observed by Jakes 
and White (1972) for  calc-alkaline rocks. 
A1 1 a n i  t e  and Sphene. A1 1 ani t e  i s  an epi dote-type m i  nerhl containing 
substantial  amounts of rare earth elements. Analyses of three 
a l l a n i t e s  and two sphenes are  given i n  Table 4. The presence of 
gr v w '91 V V 
TABLE 2. Average Microprobe Analyses o f  B i o t i t e .  
74-3A 74-8 74-7 74-10 74-19 75-22 75-30 
S i 0 2  37.2 38.6 38.4 38.4 38.9 36.1 36.5 
T i02 3.13 2.77 3.26 2.79 3.08 4.57 4.70 
A1203 11.6 12.5 12.4 11.8 11.9 13.1 13.7 
MnO 0.73 0.50 0.65 0.94 0.79 0.30 0.17 
MgO 15.0 15.4 14.9 14.3 14.2 11.2 14.7 
CaO 0.01 0.04 0.04 0.02 0.03 0.04 0.07 
Nap0 0.49 0.76 0.46 0.40 0.46 0.44 0.47 
FeO* 16.9 16.7 16.2 17.0 17.3 22.1 16.8 
K20 9.15 8.97 9.01 9.10 9.01 8.41 8.97 
Ea0 0.06 0.23 0.36 0.02 0.04 0.60 0.67 
c1 0.10 0.11 0.09 0.09 0.10 0.06 0.05 
F 3.13 3.17 3.21 2.67 2.57 3.51 0.61 
Sum 97.5 99.8 99.0 97.5 98.38 100.4 97.4 
-PF,Cl  1.3 1.34 1.35 1.12 1.08 1.48 0.26 
TOTAL 96.2 98.4 97.7 . 96.4 97.3 98.9 97.1 
S i  
A1 
T i  




Number o f  Atoms on the  Basis o f  22 Oxygens 
5 . 7 7  5 . 7 7  5 . 8 1  5 . 8 1  
2.20 8.00 2.20 8.00 2.12 8.00 2.11 8.00 
0.04 0.03 n.02 0.03 
5 . 5 4  5 . 4 1  





0 . 1 1  0.21 0 . 3 j  0 . 3 j  0 . 3 1  
2.17 5.89 i::: 5.84 2*04 5.80 2.17 5.84 2-18  5.79 
0.10 0.08 0.12 0.10 












TABLE 3. Average Microprobe Analyses o f  Amphibole and Pyroxene - 
Amphi b o l e  Py r ox e n e 
75-30 75-30 
Si02 45.3 53.7 
T i  O2 2.04 0.13 
2'3 9.30 1.41 













F 0.33 - 
Sum 98.9 - 
-O=F,Cl 0.14 - 
TOTAL 98.8 100.7 
Si 
A1 
T i  






Number o f  Atoms Based on: 
23 oxygens 6 oxygens 
0.08 
--1 
0.277 T i  *' o-ozl - 
Mg 1.35 
Ca 0.04 
0.54 1.861 2.60 - - 
K 0.20J 
*Tota l  i r o n  r e p o r t e d  as FeO. 
FI c gr Y v i, V 
TABLE 4. Averaqe Microprobe Analyses of Allanites and Sphenes 
74-16(Allanite) 74-16(Sphene) 74-19(Allanite)-.94-19(Sphene) 75-22(Allanite) . 
Si02 30.8 30.2 30.7 29.9 31.4 
T i 0 2  1.88 34.2 2.04 35.8 1.30 
Zr02 0.02 0.14 0.03 0.15 0.w 
A120? 11.5 2.20 11.2 1.53 14.3 
FeO 16.4 2.93 16.9 2.78 14.9 
MnO 1.80 0.49 1 .R3 0.23 0.57 
M9O 1.17 1.13 1.29 
CaO 9.13 24.5 9.20 24.8 10.5 
BaO 0.12 0.14 
SrO 0.06 0.04 
Na 2O 0.07 0.06 0.04 
KZO 0.06 0.04 0.04 
C e A  12.5 1.13 12.4 1.59 11.7 
La203 9.53 0.28 9.41 0.44 6.55 
Pr203 1.01 0.24 1.05 0.26 1 .32 
Nd203 1.43 0.52 1.52 0.75 3.58 
Sm203 0.71 0.13 0.71 0.27 0.92 
Gd203 0.56 0.01 0.37 0.06 0.45 
'2O3 0.06 0.39 Q.07 0.75 0.12 
Nb?05 0.01 0.53 0.32 
F 0.32 0.32 0.25 0.15 
Sum 99.0 99.21 99.0 100.1 99.2 
0.65 ___- 
Less F=O 0.13 0.26-_ 0.13 ______ 0.11 0.06 










a l l a n i t e  i s  noteworthy, as i t  i s  n o t  commonly reported in a volcanic 
occurrence. I t  has been found i n  the Bishop Tuff of California 
(Hildreth,  19771, Yellowstone National Park (Christiansen, pers. 
comm.), and the Bandalier T u f f ,  Jemez Mountains,  New Mexico. Total 
rare earth concentrations i n  the a l l an i t e s  exceeds 25 percent, w i t h  Ce 
t o  La r a t io s  r a n g i n g  from 2 : l  to 4:3. This d i f f e r s  s l i g h t l y  from the 
values given by Frondel (1964) i n  which values for  the r a t i o  of Ce t o  
La were given a s  2 : l  to 3:l .  Frondel's work included only a l l a n i t e s  
from intrusive igneous bodies and metamorphic rocks. 
Two analyses o f  sphenes from ash i n  Ranch Canyon and  Bearskin Mountain 
Dome are also presented i n  Table 4. Rare earth abundances are  
s ign i f icant  i n  these sphenes, and comparison w i t h  a1 1 ani t e s  shows t h a t  
Z r O Z ,  Y2O3 and Nb2O5 are considerably higher i n  sphenes w i t h  the ra re  
ear ths  being l e s s  abundant, b u t  t h e i r  r e l a t ive  abundances seem t o  
follow tha t  o f  the a l l an i t e s .  
a1 1 an i  t e  and sphene. 
Measurable f luorine i s  present i n  b o t h  
Oxide Mineral s. -
recovered from selected sampl es  by heavy 1 i q u i  d separation. Analyses 
o f  homogeneous oxi de pad rs are  presented i n Tab1 e 5, recalculated 
according t o  the scheme of Carmichael (1967). The mole percent 
ulvospinel varies between 14 and 22 i n  the titanomagnetites w i t h  the 
Rare crystal  s o f  t i  tanomagneti t e  and i lmeni t e  were 
variation of R2O3 i n  ilmenites being somewhat grea te r ,  varying from 6 
t o  20 mole percent. 
rather h i g h  i n  MnO,  con ta in ing  up to 6.60 weight percent in  ilmenite 
and 2.75 weight percent i n  t i  tanomagneti t e .  When the Budd ing ton  and 






TABLE 5. Microprobe Analyses o f  Iron - Titanium Oxides 
~. . .. .... .. . . . . . . . . . . . . . . .  
Sample No. 3A 16 19 22 26 30 














0.03 0.08 0.04 0.28 0.35 0.18 
5.00 4.90 4.73 6.45 5.53 7.51 
0.93 0.62 0.63 1.52 1.23 1.86 
0.03 0.03 0.02 0.07 0.06 n.13 
0.43 0.71 0.72 0.79 0.52 0.55 
86.2 85.8 84.7 83.9 84.9 82.6 
0.90 2.61 2.75 1.25 1.37 0.66 
0.80 0.21 0 .20  0.32 0.48 n.79 
0.09 0.01 0.02 0.04 0.02 
0.26 * 0.29 0.25 n.22 




Fez03 58.6 58.6 58.3 53.6 55.7 51.3 
FeO 33.5 33.1 32.2 35.7 34.8 36.4 __-- _.__I_ 
Total 100.6 100.9 99.9 100.3 100.0 99.6 
Rhombohedral Phase 
SiOz 0.02 0.08 fl.03 0.04 0.01 
T i O ,  42.0 46.5 46.7 44.7 40.7 49.5 
A1203 0.13 0.04 * 0.36 0.27 0.03 
..... ___-. ... ................................. 
* cr203 0.03 0.07 
v z o 3  0.23 0.46 0.44 0.49 0.26 0.14 






3.20 6.40 6.60 2.45 1.73 3.08 
1.50 0.72 0.65 0.32 1.18 0.18 
0.11 0.01 0.02 0.04 
0.17 0.44 0.12 0.30 0.02 0.03 
97.7 99.4 99.4 99.1 97.6 99.9 
~~ 
Recalculated Iron 
~ e 2 0 3  20.8 12.2 1 1 . 9  15.0 23.4 5 R7 
FeO 31.6 33.7 34.1 36.9 32.4 41.3 
Total 99.8 100.6 100.6 100.6 100.0 100.4 
Mole % 
ulvospi ne1 14.3 14.2 13.7 19.4 17.1 22.0 
Hole % 
T ( " C )  740 650 645 735 780 660 
-log fo2  13.6 16.8 16.9 14.3 12.5 1fl.2 
'Below limit o f  detectlon, 0.017 
tc,O, recalculated on ilmenite b a s i s  and magnetite recalculated nn 
ulvospinel hasis o f  Cannichael (1967). 
curves o f  Buddington and Lindsley (19641, with modifications. see text. 
_-_----~___I_____ 
R7Ol 20.2 12.0 11.7 15.3 18.6 5.7 
-- - - _ _  
T and - loq  fop are t a k m  from 
a 23 
a 
L i  nds l  ey ( 1964) oxygen barometer-thermometer i s appl i ed t o  the  
analyses, p a i r s  w i t h  the  h ighes t  MnO contents  g i ve  the  lowest  
e q u i l i b r a t i o n  temperatures. 
whether 1 ow equi 1 i b r a t i o n  temperatures g i ve  r i s e  t o  h i  gher MnO 
contents  i n  Fe-Ti oxide, o r  t h a t  h igh  MnO contents  y i e l d  lower ,  
I t  i s  a mat te r  o f  specu la t ion  as t o  
erroneous equi 1 i br ium temperatures. A t  t he  present  t ime t h i  s problem 
cannot be completely reso lved due t o  a l ack  o f  comprehensive 
. 
exper imental  data. However, temperatures o f  e q u i l i b r a t i o n  and 
appropr ia te  oxygen f u g a c i t i e s  are l i s t e d  i n  Table 5 based on methods 
recommended by D .  H. L inds ley  (pers. comm.) from h i s  unpubl ished data 
on the e f f e c t s  o f  MnO and MgO. 
f o r  domes t o  78OoC f o r  t he  obs id ian  f lows and the  oxygen f u g a c i t y  
Temperatures range from 65OOC t o  71OoC 
va r ies  from 10-18.2 t o  10-12.5 b. 
A l l  b u t  one o f  the  lavas f a l l  above the  FMQ b u f f e r  curve i n  the  reg ion  
o f  many o f  t he  data p o i n t s  o f  Lipman (1971). The s i n g l e  l ava  p l o t t i n g  
near the  FMQ b u f f e r  con ta ins  orthopyroxene, whereas the  o thers  con ta in  
b i o t i t e  phenocrysts. 
observat ions o f  Carmichael e t  al., (1974, F ig .  6-12). 
Th is  c o n d i t i o n  i s  i n  complete accord w i t h  the  
Accessory Minera ls .  Minor  accessory minera ls  t h a t  occur i n  the  lavas  
o f  the  Minera l  Mountains i nc lude  a p a t i t e  and topaz, both o f  which a re  
h igh  i n  f l u o r i n e  and a re  i n d i c a t i v e  of t he  h igh  f l u o r i n e  con ten t  o f  
the  r h y o l i t e  magmas. The topaz occurs i n  vugs i n  r h y o l i t e  o f  t he  
domes and i s  accompanied by pseudobrooki t e  and specular  hemati te.  A1 1 
o f  these l a t e r  minera ls  presumably c r y s t a l l i z e d  from the  vapor phase. 
Y 
24 




One o f  the most s t r i k i n g  fea tures  o f  these lavas  i s  t h e  l a r g e  
compos1 t i o n a l  range of fe ldspars  p r e c i p i t a t e d  from 1 i q u i  ds o f  very 
s i m i l a r  composit ion. This i s  bes t  i l l u s t r a t e d  by F ig.  3 which shows 
bulk  rock and g lass composit ions together  w i t h  a l l  o f  t h e  fe ldspar  
determinat ions.  I f  one del e tes the  T e r t i a r y  r h y o l  i t e  data (crosses 1 ,  
t h e  fe ldspar  composi t ional  range i s  n o t  as extensive,  b u t  i s  
never the l  ess consi  derable. Thi s behavior i s d i  s t i n c t  from p e r a l  k a l  i ne 
s i l i c i c  l i q u i d s  i n  which a l k a l i  fe ldspar  C r y s t a l l i z e s  almost as if i t  
were a compound w i t h  a composi t ion o f  about Or35 [ N i c h o l l s  and 
Carmichael, 1969). I n  t h e  case o f  t h e  lavas  s t u d i e d  here, some o f  
which conta in  normative corundum, s u b t l e  changes i n  magma composit ion, 
and perhaps temperature, can produce s u b s t a n t i a l  composi t ional  changes 
i n  fe ldspar.  
As i s  t o  be expected, g lass composit ions are s l i g h t l y  depleted i n  t h e  
f e l d s p a r  component i n  comparison t o  t h e  b u l k  rock (F ig .  4).  Natura l  
con jugat ion  1 i nes may be const ructed between f e l  dspar phenocrysts and 
bu lk  rock composit ions and between groundmass f e l  dspars and g lass  
compositions. These are shown i n  F ig .  5. The d i r e c t i o n  o f  zoning o f  
a1 k a l  i fe ldspars  toward more sodic  composi t ions i s  as a n t i c i p a t e d  f rom 
the  phase r e l a t i o n s  and no reversa ls  of zoning were detected. 
Many o f  t h e  lavas  have p r e c i p i t a t e d  quar tz  and t h e  o t h e r s  a r e  c l e a r l y  
very near quar tz  sa tura t ion .  
and p l a g i o c l a s e  fe ldspar .  Accordingly,  these lavas  serve t o  d e f i n e  . 







Fig.  3 Bulk rock and g lass  compositions, i n  terms of t h e i r  normat ive 
cons t i t uen ts ,  represented i n  t h e  g r a n i t e  system (upper p o r t i o n  of 
diagram). 
a re  b u l k  rock  composi t i o n s  f o r  Quaternary r h y o l  i tes; open 
t r i a n g l e  i s  g lass  composition, f i l l e d  t r i a n g l e s  are  b u l k  rock  
composit ions f o r  T e r t i a r y  r h y o l i t e :  Curved 1 i n e  represents  t h e  
quar tz- fe ldspar  boundary a t  500 bars water pressur'e. 
p o r t i o n  of diagram presents f e l d s p a r  data from a l l  r h y o l i t e s ,  
f i l l e d  c i r c l e s  a r e  Quaternary r h y o l i t e  phenocrysts, open circles  
a r e  Quaternary r h y o l i t e  groundmass fe ldspars ,  and crosses a r e  
T e r t i a r y  fe ldspars (values i n  weioht  percent) .  











Fig. 4 Normative components of bulk rock (solid circles)  and glass (open 
circles)  analyses plotted in terms o f  quartz (Q), albfte (Ab) and 
orthoclase (Or). 
samesmple. 
are not tabulated in thtis paper. 
Tie lines connect bulk and glass analyses for 










Fig .  5 Rock and glass compositions o f  selected samples p l o t t e d  as i n  
F ig .  3. Natural  conjugation 1 ines connect phenocryst feldspars 
w i th  bulk rock compositions (sol i d  1 ines)  and groundmass 






t h e  locus  o f  the two- fe ldspar  sur face a t  s i l i c a  s a t u r a t i o n  i n  n a t u r a l  
lavas. 
na tura l  systems (Carmichael , 1964; Carmichael e t  a l . ,  1974) and 
The na ture  o f  t h e  two fe ldspar  sur face has been p o s t u l a t e d  f o r  
p a r t i a l l y  de l ineated  exper imenta l ly  f o r  s y n t h e t i c  systems (James and 
Hamilton, 1969). 
composi ti ons of coexi  s t i n g  f e l  dspars coul  d be determi ned together  with 
t h e i r  hos t  l i q u i d s .  F ig .  7 shows t h e  composit ions o f  a l l  l i q u i d s ,  
i n c l u d i n g  those t h a t  p r e c i p i t a t e d  o n l y  one f e l d s p a r  together  w i t h  t h e  
pos tu la ted  shape o f  the  two fe ldspar  sur face a t  s i l i c a  sa tura t ion .  
Fig.  6 i l l u s t r a t e s  those samples f o r  which t h e  
F l u o r i n e  was de le ted  from the  analyses p r i o r  t o  c a l c u l a t i o n  Of  t h e  
C . 1  .P.W. normative c o n s t i t u e n t s  because f l u o r i n e  i s  incorpora ted  i n  
t h e  norm as CaF2, thus reducing t h e  normat ive a n o r t h i t e  (CaA12Si208). 
Because the rocks are predominant ly glass, and f l u o r i t e  i s  n o t  present  
D 
D 
i n  t h e  mode, i t  seems proper thtnt  ca lc ium be a l l o t e d  t o  t h e  a n o r t h i t e  
component. Norms i n c l u d i n g  f l u o r i n e  are g iven i n  Table 6 where i t  can 
be seen t h a t  in some cases normative anorthite becomes zero i n  
two- fe l  dspar rhyo l  i tes. Because t h e  two f e l  dspar sur face cannot 
i n t e r s e c t  t h e  Ab-Or j o i n ,  t h e  i n c l u s i o n  o f  F i n  t h e  normat ive 
c a l c u l a t i o n  leads t o  a c o n t r a d i c t o r y  r e s u l t  f o r  two f e l d s p a r  
r h y o l  i tes. 
F i v e  o f  the  lavas p r e c i  p i  t a t e d  ill k a l  i f e l  dspar i n i  ti a1 l y  , whi 1 e 
p l a g i o c l a s e  p r e c i p i t a t e d  f i r s t  i n  t h e  T e r t i a r y  r h y o l i t e  (F ig .  6). 
Carmichael (1963) presents  th ree  data po in ts ,  two o f  which f i t  our  
p o s t u l a t e d  sur face (Fig.  7 ) ;  t h e  o t h e r  f a l l s  above our  p r e f e r r e d  




Fig .  6 Compositions o f  coexisting a lka l i  and plagioclase feldspars  
plotted together with the normative feldspar  components of their  
host rocks. The upper solid t r i ang le  i s  the bulk rock normative 
feldspar  f o r  sample 75-30. the Ter t ia ry  rhyo l i t e  of Corral 
Canyon, which contains only plagioclase phenocrysts. I t s  
residual g lass  (open t r i ang le )  coexis ts  w i t h  groundmass 
plagioclase and a lka l i  fe ldspar .  
the crys ta l  1 ine rhyol i te  o f  Corral .Canyon (sample 75-22). 
remaining data points a r e  f o r  the Quaternary lavas.  
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Fig .  7 Normative feldspar consti tuents of n a t u r a l  s i l i c i c  l iquids  a t  or 
Rocks represented by open c i r c l e s  precipitated a1 kali 
near quartz saturat ion.  
feldspars.  
feldspar i n i t i a l l y ,  whereas the rock represented by the cross 
precipitated plagioclase f i rs t .  Solid squares are  two feldspar 
l iquids  from Carmichael (1963), and open t r iangles  a re  piercing 
points fo r  the two feldspar surface delineated experimentally by 
James and Hamilton (1969). The postulated location of the 
intersection of the two-feldspar surface a t  qua r t z  saturat ion f o r  
natural l i q u i d s  i s  shown as a sol id  l ine .  




p i e r c i n g  p o i n t s  o f  James and Hamilton (1969)  a r e  c o n s i s t e n t  w i t h  t h e  
n a t u r a l  data. The a l b i t e - r i c h  l i q u i d s  which l i e  very near t h e  base o f  
the  d i  agram con ta i  n euhedral p l a g i  o c l  ase and a1 k a l  i f e l  dspar; they 
show no evidence o f  t h e  r e s o r p t i o n  o f  p lag ioc lase  which should occur 
a t  the  te rm ina t ion  o f  the  two- Fel dspar surface. 
The e v o l u t i o n  o f  t he  Quaternary l avas  may be i n t e r p r e t e d  i n  terms o f  
t h i s  p r o j e c t i o n .  
a1 k a l  i f e l  dspar producing r e s i  dual 1 i qui  ds which reached t h e  two 
fe ldspar  surface. 
evolved along t h e  two-fel  dspar sur face  approaching i t s  t e rm ina t ion  
The f i r s t  Quaternary lavas  i n i t i a l l y  p r e c i p i t a t e d  
Younger l a w s  were erupted f rom magma t h a t  had 
near the base. The e a r l i e s t  o f  t he  Quaternary lavas  cannot be r e l a t e d  
t o  t h e  T e r t i a r y  magma type by any simple f e l d s p a r  f r a c t i o n a t i o n  scheme 
because, i n  con t ras t ,  t he  T e r t i a r y  lavas  i n i t i a l l y  p r e c i p i t a t e d  
p l a g i o c l a s e  fe ldspar  fo l l owed  bly a l k a l i  f e ldspar .  Thereaf ter  any 
e v o l v i n g  res idua l  1 i q u i  ds would be const ra ined t o  the  two-fel dspar 
surface. 
Chemistry 
Major Elements. Chemical analyses of rep resen ta t i ve  samples o f  t h e  
M ine ra l  Mountains vo l can ic  rocks, a long w i t h  t h e i r  norms a r e  presented 
i n  Table 6. The method o f  ana lys i s  i s  t h a t  o f  Carnichael e t  al. ,  
( 1968). 
o f  obs id ian  f rom t h e  B a i l e y  Ridge flow. 
The f i r s t  ana lys i  s ,  74-3A, i s t h e  average o f  t h r e e  analyses 
The standard dev ia t i ons  g i v e  
an i dea  o f  t he  homogeneity of  t h e  flows. There appear t o  be two 
d i s t i n c t  groups of younger r h y o l i t e s ,  one c o n t a i n i n g  about 5.2 percent  
c ‘e 
TABLE 6. Chemical Analyses and Norms of Volcanic Rocks and Residual Glasses from the Mineral 
Mountains, Utah. For Key to Samples, See Table 1. 
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35.18 32.03 37.98 
1.49 1.04 0.74 
25.17 29.49 28.78 
35.03 30.80 28.77 
0.25 0.08 1.67 
- 
- 
0.12 0.42 0.25 
0.55 0.61 0.61 
0.32 0.28 0.25 
0.11 0.15 0.19 
0.51 (1.53 0.14 
- 4.00 0.09 


















































34.27 27.44 33.83 
0.29 0.37 0.21 
30.67 27.06 29.90 
28.77 29.11 27.59 
3.78 8.62 5.04 
- 
- - - 
- - 
0.42 1.44 0 .30  
0.37 1.24 0.62 
0.38 0.99 0.43 
0.38 0.61 0.27 
- - 
- 0.28 - 
0.21 0.17 0.06 
0.29 2.31 - 
99.83 99.64 98.25 
*Standard d e v i a t i o n  of  t h r e e  a n a l y s e s  of samples from Ba i l ey  Ridge Flow 
G = glass ana lysed  by n i c rop robe ;  t o t a l  Fe r e p o r t e d  as FeO 
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K20 and the o ther  4.8 percent  K;,O. The more po tass ic  v a r i e t i e s  a re  
from the  o l d e r  obs id ian  f lows,  except sample 74-7 which i s  a d issec ted  
0 
I 
r h y o l i t e  dome from B i g  Cedar Cove. 
l e s s  po tass ic  and s l i g h t l y  l e s s  sodic than the  f lows. R h y o l i t e  from 
The younger domes and ashes are  
Corra l  Canyon i s  q u i t e  d i f f e ren t ;  from the younger ma te r ia l .  These 
rocks a re  more c a l c i c  and con ta in  more i r o n  and magnesium than o the r  
lavas. The i r  a l k a l i  con ten t  i s  s i m i l a r  t o  the  Quaternary lavas,  
however. When the  bu lk  rock anallysis o f  t he  basal  v i t r o p h y r e  (sample 
75-30) i s  compared t o  the c r y s t a l l i n e  r h y o l i t e  (sample 75-22) t he re  
appears t o  be a subs tan t i a l  d i f f ' e rence i n  the  con ten t  o f  aluminum, 
sodium and ca lc ium i n  the  two rocks. 
75-306) from the  v i t r o p h y r e  i s  compared t o  t h e  r h y o l i t e  the  analyses 
When the  g lass ana lys i s  (sample 
are  q u i t e  comparable. 
d i r e c t l y  a t t r i b u t a b l e  t o  the  h igh  modal percentage ( 8%) o f  
p lag ioc lase  i n  the basal v i t roph.yre (see Table 1). 
The d i f f e r e n c e  i n  bu lk  rock analyses i s  
Many samples con ta i  n normati ve corundum; a d i  r e c t  resuq t of  i n c l u d i n g  
f l u o r i n e  i n  the  norm c a l c u l a t i o n  i n  which ca lc ium i s  a l l o t t e d  t o  CaF2 
be fo re  the  c a l c u l a t i o n  o f  normat ive a n o r t h i t e .  When the  norms are  
ca l  c u l  a t e d  w i  thou t f 1 u o r i  ne , none o f  these Quaternary r h y o l  i t e s  , wi th  
the  except ion o f  hydrated pumice, con ta in  normat ive corundum. 
Normative analyses o f  glasses a rc  i nc luded  i n  Table 6, and were 
c a l c u l a t e d  us ing  the  same f e r r o u s / f e r r i c  r a t i o  as t h e  whole rock. 
comparing who1 e rock and g lass analyses, normat ive quar t z  i s  g rea te r  
i n  the  glasses, as would be expected. 
I n  
Other systemat ics a r e  l e s s  
c lea r .  Normative a1 k a l  i feldspar  decreases and normat ive a n o r t h i t e  
40 
increases i n  rocks w i t h  CaO i n  excess o f  t h a t  requ i red  f o r  f l u o r i t e .  
The sample f rom Cor ra l  Canyon however shows an inc rease i n  normat ive 
or thoc lase  and reduced normative a1 b i  t e  and a n o r t h i t e .  The presence 
o f  normat ive d iops ide  i n  the  two f lows can be exp la ined by greater 'Ca0 
and lower f l u o r i n e  i n  these rockms. 
F1 u o r i  ne contents  of Mineral  Mouiitai ns rhyo l  i tes  are  s i  gni  f i c a n t  and 
equal o r  exceed values g iven f o r  t h e  Shoshone Prov ince of Coats e t  
a l . ,  (1963). Most specimens from the Mineral  Mountains a re  low i n  
water  and have su f fe red  l i t t l e  hydrat ion.  
these f l u o r i n e  contents  a re  rep resen ta t i ve  o f  p r i  s t i  ne 1 i qui  d Val ues 
I t  may be assumed t h a t  
(Noble e t  a l . ,  1967). I n  the  on ly  obs id ian  - p e r l i t e  p a i r  analysed 
from the  Minera l  Mountains (74-3A and 74-4) t h e  f l u o r i n e  conten t  i s  
s l i g h t l y  lower  i n  the  p e r l i t e .  
occurred du r ing  hyd ra t i on  a1 though i t  has been observed t h a t  some 
This  reduc t i on  i n  f l u o r i n e  poss ib l y  
p e r l i t e s  have g rea te r  amounts o f  f l u o r i n e  than t h e i r  c o e x i s t i n g  
obs id ian  ( Z i e l i n s k i  e t  al., 1977). An i n t e r e s t i n g  p a t t e r n  o f  f l u o r i n e  
phenocryst  content.  Rhyo l i tes  o f  t he  younger 
c o n s i s t e n t l y  lower  value o f  f l u o r i n e  i n  the  g 
whole rock. This  i s  a t t r i b u t e d  t o  the  h igher  
these rocks,  and p a r t i c u l a r l y  t o  b i o t i t e  t h a t  
d i s t r i b u t i o n  between whole-rock and g lass  p a i r s  can be seen in Table 
6. 
e s s e n t i a l l y  i d e n t i c a l ,  which would be expected due t o  t h e i r  low 
I n  the  two f lows,  f l u o r i n e  contents  o f  g lasses and whole-rocks a re  
domes show a 
asses compared t o  t h e  
phenocryst  con ten t  of 
i s  present.  Sample 74-4 
except ional  f o r  the  f low m a t e r i a l  i n  t h a t  t he  g lass  
ne than the  whole-rock. Th is  i s  most l i k e l y  due t o  
and i t s  g lass are  
i s  lower i n  f l u o r  
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fluorine loss on hydration o f  the  glass w h i c h  has not so extensively 
affected the biotite. 
u I n  general the Quaternary rhyolites o f  the Mineral Mountains have 
characteristics w h i c h  set them apart from rhyolites of calc-alkal ine 
affinities. The Mineral Mountain rhyolites are h i g h  i n  s i l ica ,  and 
the ratio o f  Fe t o  Mg i s  high. A1 , Ca, and Mg are low and the ratio 
of Ca t o  Mg i s  h i g h .  These characteristics are shared by the 
rhyolites of Yellowstone and may represent a set of characteristics 
unique t o  rhyolites of bimodal basalt - rhyolite provinces 
(Christiansen, pers comm., 1977) .  The Tertiary rhyolite of Corral 
Canyon does not  f i t  the above characteristics and probably does not 
share a common parentage with the Quaternary rhyolites. As an 
evaluation of the possible commcm parentage f o r  the Quaternary 
rhyolites, a mathematical test  of phases required t o  be added t o  or 
subtracted from the flow rhyolites w h i c h  would result i n  compositions 
matching the younger dome rhyol i tes  was c a l c u l a t e d .  
similar t o  t h a t  of Bryan e t  a l .  (1969). 
The method i s  
The results indicate t h a t  the 
removal o f  approximately 40 units of alkali feldspar, 5 units o f  
plagioclase, 25 units of quartz, 0.6 u n i t s  of biotite, 0.3 units o f  
magnetite and 0.3 units of ilmenite from 100 units of init ial  magma, 
leaving a residual magma of approximately 29% of the original parent, 
i s  required t o  produce a magma matching the dome rhyolites. 
Trace Elements. 
elements are presented in Table 7. A comprehensive program of trace 
element analyses i s  underway, thle results o f  w h i c h  will be published 
Preliminary X-ray fluorescence analyses for selected 
gr gr 
TAME 7. Mineral Mountain Trace Elements i n  PPM (Values rounded t o  neares t  5 ppm) 
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i n  a subsequent paper. 
discerned. 
e s s e n t i a l l y  i d e n t i c a l .  
chemical ly  s i m i l a r  t o ,  and p o s s i b l y  contemporaneous w i t h  t h e  f lows. 
Three d i s t i n c t  groups o f  data can be 
The f lows o f  B a i l e y  Ridge and Wi ld  Horse Canyon are  
The r h y o l i t e  from B i g  Cedar Cove dome i s  
The second chemical group i s  the  domal r h y o l i t e s .  T e n t a t i v e l y  
inc luded i n  t h i s  group i s  the  sample o f  ash from Ranch Canyon (74-19).  
The ash i s  hydrated more e x t e n s i v e l y  than the  dome r h y o l i t e s  and may 
have suf fered a l k a l i  loss.  The f i n a l  group c o n s i s t s  o f  t h e  T e r t i a r y  
r h y o l i t e s  o f  Corra l  Canyon. These rocks are considerably  h igher  i n  
Ba and S r  and lower  i n  Rb than the younger f lows and domes. Other 
s u b t l e  d i f f e r e n c e s  may be seen i n  lower Pb, Th and Y. The t r a c e  
element concentrat ions i n  r h y o l  i t e s  o f  t h e  Minera l  Mountains e x h i b i t  
systemat ic v a r i a t i o n s  when p l o t t e d  aga ins t  Rb conten t  (F ig .  8 ) .  
conten t  i s  taken as a measure o f  degree o f  e v o l u t i o n ,  and on t h i s  
bas is  Ba and S r  d e c l i n e  r a p i d l y  as t h e  magmas evolved. 
Rb 
Barium contents  o f  phenocryst fe ldspar exceed o r  equa l . those of t h e i r  
hos t  rocks, and t h e  t r a c e  element data, when considered alone, show 
t h a t  by f r a c t i o n a t i o n  o f  f e l  dspiir, bo th  types o f  Quaternary r h y o l  i t e  
magma could be der ived from a parent  represented by t h e  composi t ion o f  
t h e  C o r r a l  Canyon r h y o l  i te. However, d e r i  v a t i  on o f  t h e  Quaternary 
magmas from t h e  T e r t i a r y  lava  o f  Corra l  Canyon i s  i n c o n s i s t e n t  w i th  
t h e  systemat ics o f  fe ldspar  c r y s t a l  1 i z a t i o n ,  as shown prev ious ly .  
Thus, we conclude t h a t  the  T e r t i a r y  r h y o l i t e s  a re  n o t  r e l a t e d  t o  t h e  
Quaternary lavas  by any common l i q u i d  l i n e  o f  descent. 
Chemical d i f fe rences  between f l o u  and dome r h y o l i t e s  are i l l u s t r a t e d  
44 
Fig .  8 Trace element concentrations i n  parts-per-mi 11 ion f o r  rhyol i t e  
lavas from the Mineral Mountains, plotted against  Rb content. 
Solid t r iangle  i s  the Mineral Mountains grani te  pluton, crosses 
a re  Tert iary rhyol i tes ,  f i l l e d  squares are the ear ly  rhyol i te  
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i n  F ig .  9 where elemental concentrat ions i n  an average dome r h y o l i t e  
have been d i v ided  by those i n  the  e a r l i e r  f l o w  r h y o l i t e .  
enrichment f a c t o r s  f o r  the Minera l  Mountains r h y o l i t e s  e x h i b i t  
remarkable s i m i l a r i t y  t o  those ‘in the  upper p o r t i o n  o f  t he  zoned magma 
chamber o f  Long Val ley,  C a l i f o r n i a ,  which gave r i s e  t o  the  Bishop T u f f  
These 
(Hi  1 dreth,  1977). Thi  s s i m i  1 ar‘i t y  1 ends support  t o  our hypothesi  s 
t h a t  the two batches of r h y o l i t e  magma i n  the  Minera l  Mountains a re  
g e n e t i c a l l y  re la ted ,  and t h a t  the  more p r i m i t i v e  magma which produced 
the f lows d i f f e r e n t i a t e d  over a pe r iod  o f  300,000 years t o  produce the  
more h i  gh ly  evol  ved dome-formi ng magma. 
Ge o t h e rmome t ry 
Various geothermometers have been proposed f o r  es t ima t ing  
equi 1 i b r a t i o n  temperature f o r  c o e x i s t i n g  minera l  phases. Temperatures 
obta ined from co -ex i s t i ng  Fe-Ti oxides (Buddington and L inds ley ,  1964) 
a re  given i n  Table 5. 
have been ca l cu la ted  from co-exi s t i  ng p lag ioc lase  and a1 k a l  i feldspar  
( a f t e r  Stormer, 1975). Table 8 presents  the  temperature data 
obtained. 
microphenocryst and phenocryst r i m  temperatures and the  0x1 de 
temperatures. 
temperatures than the  younger domes (approximately 76OoC f o r  t he  f lows 
I n  add i t i on ,  temperatures f o r  some r h y o l i t e s  
There i s  reasonab’l e agreement between f e l  dspar 
The obs id ian f lows were apparent ly  erupted a t  h igher  
and 650% f o r  the domes). Temperatures obta ined from fe ldspar  
phenocrysts i n d i c a t e  t h a t  cores of  t he  phenocrysts began c r y s t a l 1  i z i n g  
a t  near ly  800OC; f i n a l  quenching took p lace  i n  the  domes a t  65OoC, 
i n d i c a t i n g  a c r y s t a l 1  i z a t i o n  i n t e r v a l  of perhaps 150°. 
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Fig .  9 Elemental enrichment fac tors  from Mineral Mountains rhyoli  -2s 
( so l id  bars)  and the erupted portion of the Bishop T u f f  magma 
chamber (open bars) .  
concentrations i n  young dome rhyol i tes  divided by concentrations 
i n  the e a r l i e r  rhyo l i t e  Flows. For the Bishop Tuff (Hi ldre th ,  
1977), fac tors  a r e  concentrations i n  the roof zone samples 
d i v i d e d  by concentrations i n  sample, derived from deeper i n  the 
magma chamber. Rare ear th  element data a r e  from F. Asaro 
(pers. comm., 1977) and Lipman e t  a l .  (1978). 
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75- 19 (Dome) 
75-22(Dome) 
75- 30 ( Dome ) 
TABLE 8. Temperature da ta  f o r  Feldspar and I ron-Ti tan ium Oxide geo 
Stormer Feldspar Geothermometer 
Micropheno- 
c r y s  t s 
690°C ( l b a r )  
690°C ( l b a r )  
710°C ( l b a r )  
Phenocrysts 
R i m  Temp Core Temp 
710°C ( l b a r )  700°C (1 kbar )  
800°C (5kbar)  
620°C ( l b a r )  630°C (1 kbar )  
690°C (5kbar)  
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Microphenocrysts o f  f e l  dspar i n  t h e  f lows g i  ve anomal ous ly  1 ow 
temperatures when compared w i t h  the  ox ide temperatures. 
r e s u l t s  from p lag ioc lase  having near ly  equal molar contents  o f  
Th is  probably 
o r thoc lase  and a n o r t h i t e ,  i n  which case the  thermometer w i l l  have a 
g rea ter  uncer ta i  n t y  (Stormer 1975 1 
Water Fugaci ty  
The f u g a c i t y  o f  water i n  a magma may be est imated from the  assemblage 
b i o t i  te-sanidine-magnet i te,  i f  t h e  f u g a c i t y  o f  oxygen and t h e  quench 
temperature can be establ ished.  For r h y o l i t e s  o f  t h e  Minera l  
Mountains t h i s  has been done where i t  i s  f e l t  these phases represent  
e q u i l i b r i u m  assemblages based or1 petrographic  i n t e r p r e t a t i o n .  For t h e  
r e a c t i o n  (Wones, 19721, 
Anni t e  
t h e  expression : 
San i d  i ne 
KFe3 A1 Si3 010 ( O t l ) ~  + 1/2 02 = KAlSi3 08 + Fe3 04 + H20 
Magne- Gas 
ti t e  
- 7409 + 4.25 + 1/2 l o g f  + 
02 l o g  fH20 - T
b i  o +2 l o g  XOH - l o g  aSan - l o g  amt 
permi ts  fH20 t o  be ca lcu lated.  Here t h e  term 2 log X:Aotakes i n t o  
account t h e  assumed i d e a l  mix ing  of F i n  t h e  OH s i t e .  
and fO2 were taken from Table 5, and t h e  a c t i v i t i t e s  o f  sanid ine were 
obta ined from the  r e l a t i o n s h i p  o f  Waldbaum and Thompson (1969). 
Values for T 
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Hildreth (1977) has proposed a new f ree  energy value f o r  the previous 
reaction, based upon a reevaluation o f  the experimental d a t a  along the 
N i - N i O  buffer over the temperature range of 600 t o  80OoC. 
Substantially lower water fugaci t ies  are  obtained i n  this manner. 
Table 9 l i s t s  calculated values for  fH20 as well as the equivalent 
PH,& calculated from the d a t a  of' Burnham e t  a l .  (1969) .  The 
calculated water pressures for  the flows (74-3A and 74-8) a re  higher 
t h a n  fo r  the domes. 
roughly equivalent to  the Quaternary flow rhyol i te .  
The Tertiary rhyol i te  i n  Corral Canyon has a fH20 
Petrogenesis 
I n  t h i s  paper we have presented three l ines  of evidence which suggest 
a possible genetic relationship between the Quaternary lavas. 
Fel dspar-1 i qu i  d equi 1 i br i  a ,  t race element d i  s t r i  butions, and crystal  
f ract ionat ion calculat ions a l l  indicate  tha t  i t  i s  possible t o  derive 
the younger dome rhyol i tes  from a magma whose composition i s  tha t  of 
the older rhyol i te  flows. These t e s t s  a re  merely permissive and do 
not preclude other modes of or igin,  including the formation o f  
separate unrelated magmas, or  chlemical d i f fe ren t ia t ion  i n  a stagnant 
magma chamber as proposed by Hildreth (1977) .  
Any general model fo r  the formation of these rhyol i tes  m u s t  depend i n  
par t  on the regional tectonic set t ing.  Rhyolitic volcanism can be 
divided conveniently in to  three broad types each o f  which i s  
characterized by a d i s t i n c t  tectonic regime. 
Rhyolite occurs i n  oceanic environments such as  Iceland (Carmichael , 
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Table 9. Water Fugac i t i es  and Pressures f o r  Minera l  Mountain 
Rhyo l i tes .  Free energies used a re  (1)  Wones (1972) 
and (2 )  H i l d r e t h  (1977). 
Sample N. ft120 (ba rs )  'H20 (bars )  
( 1 )  ( 2 )  ( 1 )  ( 2 )  
74- 3A 2708 774 3657 962 
74-8 2988 807 3765 966 
74-19 424 177 520 192 
75-22 2523 762 3475 944 
74-1 6 409 153 495 166 
D 
' \  
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1964). I n  t h i s  s e t t i n g  r h y o l i t e  i s  n o t  a major rock u n i t  and i s  
accompanied by s i g n i f i c a n t  amounts o f  basa l t ,  basal t i c  andesi te  and 
andesi te  ( i c e 1  andi t e  The rhyo l  i t e  cha rac te r i  s t i c a l  l y  conta ins  one 
fe ldspar  on ly  (p lag ioc lase )  and i s  chemical ly  d i s t i n c t  f rom Minera l  
Mountain rhyo l  i tes ,  con ta in ing  1 ess s i  1 i ca and a1 k a l  i s. The a1 k a l  i 
content  o f  I c e l a n d i c  r h y o l i t e  i s  a l s o  d i s t i n c t  f rom Minera l  Mountain 
r h y o l i t e  i n  t h a t  they con ta in  more Na20 than K20. 
s e t t i n g  has been der ived  from a b a s a l t i c  paren t  by c r y s t a l  
R h y o l i t e  i n  t h i s  
f r a c t i o n a t i o n  (Carmichael , 1964 1967). 
A second major rhyo l  i t e  occurrence i s i n the  c a l  c-a1 k a l  i c assoc ia t i on  
devel oped i n  i s l a n d  arcs o r  a1 ong con t inen ta l  margi ns where subduct ion 
o f  oceanic c r u s t  i s  a dominant t e c t o n i c  fea ture .  Well descr ibed 
examples i n c l  ude the  Tal  asea Peni nsula,  New B r i  t a i  n ( Lowder, 1970, 
Lowder and Carmichael, 1970) and Mount Lassen, C a l i f o r n i a  (Smith and 
Carmichael , 1968 1. Rhyol i t e s  from t h i  s s e t t i n g  t y p i c a l  l y  c o n t a i n  o n l y  
p lag ioc lase  fe ldspar  and a re  lower i n  s i l i c a  and a l ka l . i s  when compared 
t o  r h y o l i t e s  o f  the  Minera l  Mountains. Crys ta l  f r a c t i o n a t i o n  models 
and i sotop i  c e v i  dence i nd i  ca te  t h a t  c a l  c-a1 k a l  i c rhyo l  i t e s  a r e  d e r i  ved 
by f r a c t i o n a t i o n  from a more maf ic  paren ta l  magma (Lowder and 
Carmichael, 1970; Peterman e t  a l . ,  1970). 
The t h i r d  major environment of r h y o l i t i c  volcanism i s  the  b a s a l t  - 
r h y o l i t e  bimoda assoc ia t i on  of con t i nen ta l  reg ions.  In te rmed ia te  
rock types such as andesi te  and d a c i t e  a re  ra re ,  and r h y o l i t e s  a re  
cha rac te r i zed  by h igher  s i l i c a  and a l k a l i  contents  than those from 




con ta in  two fe ldspars  as opposed t o  t y p i c a l  oceanic and calc-a1 k a l i c  
r h y o l i t e s .  
Yellowstone Nat iona l  Park, Inyo Craters ,  C a l i f o r n i a  (Carmichael , 1967) 
Examples o f  t h i s  t h i r d  type o f  r h y o l i t e  occur i n  
and the  Cos0 vo lcan ic  f i e l d ,  C a l i f o r n i a  ( D u f f i e l d  and Bacon, 1977). 
The l a t t e r  i s  remarkably s imi la r .  t o  the  Minera l  Mountains se t t i ng .  
Cos0 r h y o l i t i c  domes have been erupted onto g r a n i t i c  basement, and t o  
A t  
the east  i s  a l a r g e  area o f  o lde r  b a s a l t i c  vo lcan ics  w i t h  perhaps the  
youngest volcanism o f  the  area represented by basal  t i c  outpour ings t o  
the  south o f  the  r h y o l i t e  dome f i e l d .  The r h y o l i t e  domes are  a l i gned  
i n  nea r l y  a nor th-south o r i e n t a t i o n ,  s i m i l a r  t o  the  Minera l  Mountains, 
and n e i t h e r  a t  Cos0 nor  i n  the Minera l  Mountains i s  t he re  any c l e a r  
evidence f o r  t he  fo rmat ion  o f  a ca ldera system. 
It seems c l e a r  t h a t  the  l a r g e  outpour ing o f  basa l ts ,  t o  the  n o r t h  and 
southeast o f  the  Minera l  Mountains, must bear some r e l a t i o n s h i p  t o  the  
generat ion o f  the r h y o l i t i c  magmas descr ibed here. High reg iona l  heat  
f l o w  ( 80mW/M2, Sass e t  a1 , 1976) and a t h i n  c r u s t  (25 km) i n  the  
v i c i n i t y  o f  the Minera l  Mountains must a l so  be considered as impor tan t  
f a c t o r s  i n  magma generation. 
reg iona l  h igh  heat  f l ow  combined w i t h  the  i n j e c t i o n  of b a s a l t i c  magma 
i n t o  the  c r u s t  has caused c r u s t a l  m e l t i n g  t o  produce r h y o l i t i c  magmas 
which have subsequently been erupted i n  the  Minera l  Mountains. 
Shallow l e v e l  d i f f e r e n t i a t i o n  o f  t h i s  magma cou ld  have produced the  
magma which was subsequently erupted up a number o f  condu i ts  t o  form 
the  many domes o f  t he  Minera l  Mountains. 
b a s a l t  i n t o  the  c r u s t  may have served t o  re-supply  heat  t o  the  
It i s  proposed here t h a t  t h e  general 
P e r i o d i c  i n j e c t i o n s  o f  
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r h y o l i t i c  magma system a l l ow ing  them t o  remain f l u i d  enough t o  
d i f f e r e n t i a t e .  A l e s s  p r e f e r r e d  a l t e r n a t i v e  i s  t h e  p o s s i b i l i t y  t h a t  
t he  chemical l y  d i s t i n c t  r h y o l i t e s  represent independent magma batches 
generated by separate i n f l u x e s  o f  b a s a l t  i n t o  t h e  c rus t .  Here 
chemical d i f f e r e n c e s  would r e f l e c t  source rock d i f f e r e n c e s  n o t  
a f f e c t e d  by d i f f e r e n t i a t i o n .  
i s  a ma t te r  o f  c u r r e n t  i n v e s t i g a t i o n .  
Which o f  these two processes i s  c o r r e c t  
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